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ABSTRACT 
The components of the �omplex dielectric constant of feed 
grains are obtained for the 8.5 to 12 gHz frequency range. The 
short-circuited wave guide method is employed to provide null-shift 
data for computer calculation of the first-order approximation of 
the real part of the complex dielectric constant under the simpli­
fying assumption of negligible lo�s. Correction to this value is 
then made, where appreciable, by calculating the loss tangent from 
attenuation data independently obtained for the grains. The 
imaginary part of the complex dielectric constant then is obtained 
by multiplying the loss tangent by the real part. 
Curves of the real and imaginary components are plotted 
versus frequency for two moisture levels each of corn, soybeans, 
· wheat, and barley. 
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CHAPTER ·1 
DIELECTRICS 
Historical Survey and Fundamental Properties 
Much of the foundation of modern knowledge and theory of 
electromagnetic phenomena was laid by Michael Faraday in the first 
half of the nineteenth century. His brilliant experimental re­
searches into the nature of electricity and magnetism and the 
relation between them opened the-door for the hundreds of·exceptional 
minds of succeeding ye.ars to make further advances and to approach 
ever ·more cl(?sely to the truth behind natural phenomena. Faraday 
·is perh?pS most noted now for his discovery that a changing magnetic 
field causes charges to flow in a conductor present in the field . 
This is the famous "Law of Induction" later to be quantitatively 
formulated and incorporated into a unified theory of electromagnetism 
by James Clerk M8.A.-well. Likewise, many of the other basic dis­
coveries of �araday were drawn upon, mathematically justified, and 
masterfully made a part of the modern electromagnetic theory by 
Maxwell, a great admirer of Faraday . 
It is not the purpose here to dwell on the broad development 
of electr�nagnetic theory and knowledge, but rather to reconstruct 
the orj_gins and to present the state of knowledge of the central 
element ·or this work---dielectrics. It has not been merely in 
passing, however, that the work of Faraday has been discussed, because 
.-it was he that provided the term· "dielectric" and conducted the first 
.2 
researches into their beha,rior. Basically, his experiments revealed 
that materials varied greatly in their ability to deny movement of 
electric charge through them. His experiments in static electric 
effects {there were no sources of continuous electric current at 
that t:une) involved charging of a vessel having inner and outer 
elements, then measuring the potential difference between the elements. 
Knowing in advance the amount of charge transferred to the vessel, 
the "capacity" of the arrangement was determined by using the de­
fining relation, 
(1-1) 
where C denotes capacity, Q denotes charge, and V denotes potential 
difference. The unit· of capacity in the MKS (meter-kilogram-second) 
system of units is the Farad in honor of.his recognition of this 
property. 
Initially, the space between the two elements was only air, 
but eventually other materials were inserted to see what effect they 
would have on the capacity of the vessel. Large variations were 
observed, especially when a metallic substance was made to touch the 
two elements, which caused the potential difference to drop immedi­
ately to zero. This indicated to Faraday that the charges moved 
through the metal so as to attain an equilibrium distribution pro­
ducing neutralization. This action was called conduction of charge 
and the metal was classified as a conductor. On the other hand, if 
.any of the non-metallic materials were inserted between the elements, 
3 
the potential would �emain at a sensibly constant value for a con­
siderable tinie although the value would be different for each material. 
These materials thus prevented the movement of charge from one 
element to the other to a large extent and were termed dielectrics. 
Max.well later defined dielectric materials as "all bodies whose 
insulating power is such that when they are placed between two 
conductors at different potentials the electromotive force acting 
on them does not immediately distribute their electricity so as 
1 
to reduce the potential to a constant value" /)J. The fact that 
each dielectric material ca�sed the vessel (Faraday called it an 
"accumulator" because charge· could be accumulated on i"v) to have a 
unique �apacity, always greater than that for ohly air in the 
interelement space, revealed to Faraday that this was a measure of 
the grade or "dielectricity" of the material. He therefore defined 
a parameter of a dielectric as the ratio of the capacity of the 
accumulator with the material to the capacity with only air, and 
he called this parameter the "specific inductive capacity" of the 
material. Today it is commonly called relative dielectric constant 
or just dielectric constant. 
-Fundamental as these early observations were, Faraday con­
tributed something even more important to the understanding of 
dielectrics. It was not discovered through a single experiment or 
a series of experiments; nor was it- developed as a relationship 
1Bracketed nu.�bers refer to sources listed in the bibliography. 
4, 
between physical quantities. It was simply his recognition that 
electrical actions occurring between two points are transmitted 
through the interposing medium, that is, that there is a modification 
of the action as it travels through the medium and is finally felt 
at the other point. The majority of the eminent mathematicians and 
physicists of his time and following years subscribed to the action­
at-a-distance viewpoint in attempting to describe observed phenomena. 
To them whatever existed between the two points was of no interest, 
the resultant effect of the one guantity on the other being of sole 
importance. Where they srov.a�pty space Michael Faraday saw lines of 
fore� and interacting matter. Both approaches gave accurate pre-
dictions of the observed results, but the field approach permitted 
better visualization of the physical configuration and led to more 
practical analysis. This kind of treatment was adopted by Maxwell 
to derive the essential behavior of dielectrics in electric fields; 
indeed, he used it in the entire development of his electromagnetic 
theory. It is apparent now that the concept of a force field 
existing between electrified points is one of the most important 
inventions in electrical science. 
Maxwell, then, used his considerable·mathematical ability to 
describe what happens when a dielectric body is placed in an electric 
field. He conceived of the existence of dipoles in the material 
· (either permanently there or induced by the external field) even 
though the electron theory or atomic theory had not been presented 
yet. He envisioned the rearrangement or align�ent of these dipoles 
5. 
under the force of t�e applied field so as to modify the total field 
into a resultant. This alignment amounted to a displacement of the 
dipoles and caused polarization of the material. The degree of 
polarization depended upon the intrinsic character of the material. 
The resistance to being polarized was defined as the ratio of the 
local electric intensity to the electric displacement . This di­
electric parameter was called the "coefficient of electric 
elasticity" of the material. The inverse of this quantity is more 
commonly used now and is called the permittivity of the dielectric, 
apparently because it is a measure of how much it permits polari-
zation. Symbolically, it is written as 
D E. = - (1-2) 
E denotes the electric intensity, D denotes the displacement, and 
E denotes the permittivity. 
·Evidently, this property of the dielectric is directly related 
to the specific inductive capacity or dielectric constant earlier 
mentioned since both are measures of susceptibility to charge dis­
placement under the coersion of an electric field. In elementary 
electrostatics this relationship is shown to be 
E 
E. r = E , 0 (1-3) 
where E is the permittivity of the dielectric, E0 is the permittivity 
of "free space" (vacuum or, nominally, air at atmospheric pressure), 
and Er is the "relative permittivity" or dielectric constant of the 
dielectric. 
Equation (1�3).is the defining statement of the primary 
identifying property of an insulating material; it is�- comparison 
of the effect ·of a static electric field on the material to that 
6 
on empty space. (Prestunably, there would be no effect on empty 
space since no charges are assUined to reside there, however this 
condition of no effect is used as a reference for gauging the level 
of the effects in other media.) In the rationalized MKS system 
€0 = ( l/J6n) x 10
-9 Farads per meter or, approximately, 8 .854 x 
10-12 ·Farads per meter. In simplified terms, the dielectric 
constant gives the fraction of the empty space electric field 
iritensity whi(?h exists in the dielectric substance. This statement 
is better represented by rearranging equation (1-2) as 
It should be pointed out that the simple relation expressed 
in equation (1-3) does not describe completely all dielectric bodies. 
The additional mention must be made that some dielectric materials 
are anisotropic, that is, their dielectric properties are different 
for different directions through tha�; some are non-homogeneous, 
that is, their dielectric properties vary from po�nt·to point be� 
cause of nonuniform composition; and some contain free charges so 
that. they behave as semiconductors or plasma. Naturally the simple 
scalar relation given does not apply in these cases because permit­
tivity is not a real constant for these materials, but is rather 
.-a complex quantity. Thus, it must be stipulated here that the · 
dielectrics to be considered are assUined to be isotropic, source­
free, and homogeneous. _Complex permit ti vi ty, however, will_ be 
defined and utilized in the following pages and will form a very 
important part of the analysis in this thesis. 
Dielectrics in Alternating Fields and Complex Permittivity 
7 
The foregoing discussion presented the principal aspects of 
dielectrics in stationary (constant) electric fields. This topic 
is important in obtaining an understanding of the fundamental 
mechanisms involved, but of much great.er importance in applications 
is the behavior of dielectrics in alternating fields. 
Among the many contributions Maxwell made to the understanding 
of electromagnetic phenomena one of the most significant was the 
origination of "displacement current u. Havlng :imagined the existence 
of dipoles in dielectrics and their displacement by electric stress, 
he saw that the logical consequence of their movement was a net 
passage of �harge across an arbitrary reference plane. This consti­
tuted a transient displacement current in the material as long as 
the dipoles were in the act of rotating or aligning. If the impressed 
electric field were continuously varying as in a.n alternat"ing current 
field, the dipoles would be constantly moving, first in one direction 
then in the_ opposite direction, and an alternating displacement 
current would exist in the dielectric body. T'ne magnitude of this 
current would of course depend on the number of dipoles in the 
material and the facility with which they could be aligned with the 
external field, that is, it would depend upon the permittivity of 
the medium. Accordingly, Maxwell derived this current to be 
8. 
. dD proportional to dt' the rate of change of the electric_displacement, 
which can be written, E : , by_ equation ( 1-2). The introduction 
of this current factor was crµcial in the development of the famous 
"Maxt--rell' s Equations" which· predicted the possibility of electro- · 
. magnetic wave propagation through a dielectric medium. And, as will 
be seen in later chapters, propagation through dielectric material 
is an essential principle to the objective of this report.· 
The mechanism of polarization requires expend..tture of energy 
by the polarizing agent. As noted by Maxwell, the process is 
elastic;-the charges return to their normal positions as determined 
by existing molecular or atomic forces once the polarizing stress 
is removed. Thl.s means that there must be an overcoming of these 
forces in the process of inducing dipoles and causing their align­
ment. These forces acting on the dipoles so as to restrict their 
movement are analogous to friction in a mechanical system, conse­
quently they are termed 11 damping forces". The work done by the 
external field in overcoming the damping forces constitute.s energy 
lost by the field and dicsipa.ted in the dielectric. 
Anet.her mechanism of energy absorption in dielectrics is 
conduction current. Although dielectrics have been treated thus 
far as if they· were perfect insulators, in practice most of them do 
have some conductivity. The current due to this conductivity (often 
called Hleakage current ") produces heat in the dielectric and 
represents energy lost by the field . 
The usual equivalent circuit representation of a capacitor 
9 
is shovm in Figure 1-1 . C represents a capacitor with a lossless 
dielectric and R represents both the conduction current loss and the 
loss due to damping forces . The equivalent :impedance of the circuit 
is seen to be 
R z = -----
1 + j w R,C ( l-4) 
Neither C nor R is a  constant with respect to frequency. This might 
have been anticipated since the mechanism of charge displacement 
and dipole alignment is affected by the rapidity of alternations 
of the electric field . T'ne way the losses and polarization vary 
with frequency depend upon the molecular forces within the material. 
It can be shown that by a.scribing a complex permittivity to the 
material the behavior of the dielectric at different frequencies can 
be satisfactorily described . [j.,?.J The complex pernri.ttivity and 
complex dielectric constant are defined in equation ( 1-5) below. 
A / . I/ 
E E - J £ 
€_ I f  
I 
J - E
.,_ 
E o  
( 1-5) 
It is helpful in gaining an understanding of the complex 
permittivity and dielectric constant to relat e its components to 
the equivalent circuit parameters of Figure 1-1 . Tnis  can be done 
by writing an expression fo� the impedance of a capacitor in 
terms of the dielectric constant of its dielectric, vn1ich i� � 
( 1-6 ) 
r, 
and where E. r is the dielectric constant of the dielectric and Co 
is the capacitance of the capacitor with air as dielectric .  Sub­
stituting equation ( 1-5)  into equation ( 1-6) and rearranging , the 
capacitor impedance becomes, 
. C 
€. I I  
r = ---------
W C ( E.. 1 12 + E ' 2 ) 
0 r r 
€. ' 
-j _____ r ___ _ 
w C ( E "2 + E. ' 2) 0 r r 
( 1-7 ) 
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If the real and imaginary parts of equations ( 1-4) and ( 1-7 ) are 
equated , (which i s  valid since both are expressions for the impedance 
of the ame capacitor) the following pair of equations are ex­
tracted : 
By inspection of these simultaneous equations , 
E: '  r = --
u.lRC 
( 1-8) 
(1-9) 
( 1-10) 
Figure 1-1 . Equivalen� circuit of a 
capacitor with lossy 
dielectric 
Figure 1-2 . Relationship of currents in a capacitor 
with lossy dielectric 
11 
Substituting equation - (1-10) into equation ( 1-9) gives, 
or 
E: '  r 
w 2a2CCo( l + w 2�2c2) E.�2 = -------------
' C 
E r = C · 0 
1 + w2R2c2 
12_ · · 
( 1-11) 
( 1-12) 
Equation (1-12) only verifies the fact that the real part of the 
complex dielectric constant is the dielectric constant as originally 
defined. That is, E ' is similar to E.r. The imaginary part of the r 
compl�x dielectric constant i.s obtained by substituting ( 1-12) into 
( 1...;.·10) ,  giving, 
E 11 = 1 r <.v RCo 
(1-13) 
This states that the 1 1loss factor" ( E ;) decreases if R increases, 
as would happen if the conductivity or the damping became less . 
1 Additj_onally·, the w Co p
art of the expression tends to make the loss 
factor go down with increasing - frequency, however, the manner in 
which R varies with frequency is a complicated function of atomic 
and molecular structure. In general it can be said that con­
ductivity decreases with frequency, but the variation of the so-called 
ndielectric conductivity" ( damping) yields to no such generalization. 
Therefore, the overall behavior of the loss  factor versus frequency 
cannot be simply stated o 
The frequency �ependence of the real part of the complex 
dielectric constant is not evident from equation (1-12).  It must 
13 
be noted in co"nnection with that expression that C is not constant 
but rather varies as the permittivity of the dielectric material, 
which decreases as the frequency increases . This is as ·might be 
expected since the charges would have less time in which to be 
displaced during half-cycles of the external field and thus the level 
of polarization would be reduced somewhat. This of course assumes 
that the frequency is sufficiently high so as to be somewhere near 
the natural relaxation frequency of the material. For most dielectrics 
this would be at least in the· microwave frequency range or higher. 
At lower _ frequencies not much variation in permittivity would be 
expected. At extremely high frequencies on the other hand it would 
be expected that little polarization would occur, and consequently 
the permittivity would approach that of free space . 
Measurement of Dielectric Properties at Loit Frequencies 
At low frequencies, up to the l:imit of where reliable 
capacitors can be designed and constructed, the expressions of 
equations ( 1-12) and (1-13 ) are useful for determining the . dielectric 
. . 
constant and loss factor of materials. Capacitance can be measured 
quite accurately on a bridge circuit_ or "Q-meterH and R can be found 
by measuring the power factor of the capacitor . Figure 1-2 shows 
the relationshtp between currents in a capacitor with lossy di-
'rr 
electric .  The loss current IR is proportional to E r and th'e 
2 2 6 9 1 Cl 
SOUTH DM<OTA STATE UN IVERSITY LI  R - Y 
' 
displacement current re is proportional to E r. Thus, it is seen 
that 
I E "  
tan 6 = _Ji- =  _!: ( 1-14) 
I E. '  C r 
Tan b is called the loss tangent of the dielectric. For a good 
dielectric the loss factor is much less than the dielectric constant 
so that 
tan 6 = cos e ( 1-15 ) 
very closel)t • . Loss tangent is more commonly used to describe a 
dielectr�c than is loss factor. 
Determination of the components of the complex dielectric 
constant at frequencies much above 100 megaHertz by the means 
discussed in  the preceding paragraph becomes quite susceptible to 
error because of fringing fields , stray capacitance, and mutual 
inductance . At even higher frequencies, say above 1000 megaHertz ,  
the wavelength becomes so short that the concept of a capacitor is 
no longer useful . The problem then is one of field theo rather 
than circuit theory. It is the purpose of this thesis to show a 
simple method for determining the approximate values of the components 
of the complex dielectric constant at these frequencies. Many methods 
have previously been described /}., 4,5,6,i/, but the procedures to  
15 
be presented in the following chapters are adaptations centered around 
utilization of a digital computer and focused on the dielectric 
properties of feed grains . 
It might be asked, "liJhy is it necessary to measure the 
dielectric constant of materials? "  From the discussion of capacity 
and dielectric constant earlier, it is apparent that the design of 
capacitors requires knowledge of the dielectric constant of the di­
electric to be used . At higher frequencies the need is perhaps 
greater because of the close relation of field quantities  to di­
electric properties . F.or instance, reflection and refraction of 
an electromagne�ic wave at a dielectric boundary depend upon the 
dielectric constant of the two regions; also, the velocity of 
propagation of the wave through a dielectric is governed by its 
dielectric constant. Practical problems relating to these effects 
are illu.strated by the design of radomes for high-frequency 
ant�nnas [BJ, and by the design of pressure 'Windows in wave guides. 
Reflection and phase shift are important factors influencing operation 
of systems in these examples. Other examples could be given to 
illustrate the need to know the dielectric constant of a material . 
The imaginary part of the complex dielectric constant is not usually 
of concern in this type of application because dielectrics having 
· very small loss factors are normally employed and the thickness is 
·kept as small as mechanical considerations will allow. Absorption 
of power from the wave therefore is negligible . 
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It isn ' t always the aim to minimize the effects of dielectrics 
on electromagnetic waves . Sometimes it is desired to achieve 
optimum interaction of the wave with the dielectric. Perhaps the 
best ex.ample of this is in microv ave heating . In this process the 
loss factor of the material to be treated is of primary concern, as 
contrasted to the applications jus� mentioned above . The purpose 
is to dissipate as much high frequency energy as possible within the 
dielectric and thereby increase its temperature. In general , the 
rate of absorption of energy by the material increases �Tith frequency, 
but is has been found t.hat most dielectrics have certain ranges of 
frequencies · fo.r which absorption is very large compared to the rest 
of the spectrum. These regions roughly coincide with those for which 
the dielectric constant drops to a lower level . The typical be­
havior of the components of the complex dielectric constant a.re 
illustrated in Figure 1-3 £5J. The frequency ranges where these 
phenomena occur are near the characteristic oscillation frequencies 
corresponding to the polarization mechanisms occurring in the 
particular dielectr:i.c. Electronic and ionic polarization resonance 
frequencies typically exist in the vicinity of infrared radiation 
and ultraviolet, light and the related absorption is not as large as 
that caused by the third type of polarization---orientational 
polarization . This mode of polarization (which occurs only in sub­
stances having permanent dipoles) produces an absorption band of 
large amplitude often in the microwave region for many substances . 
:: H 
\11 
- H  
w 
Figure 1-3 . 
E: I 
r 
FR 
Frequency 
f 
Typical characteristic of E 
r for an idealized dielectric 
fl  
and E near the dipole relaxation frequency r 
,,. �' 
r' 
-.:i 
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To achieve the most efficient expenditure of high frequency power 
in heating the dielectric material for whatever purpo�e, �t i� 
_ necessary to know where this absorbing band is. This information 
can be obtained from a plot of . E � and 
JI 
E r across a wide range of 
frequencies, and this has been done for many substances. Obtaining 
this infonnation for application of microwave heating to cereal 
grains is the main objective of the research for ¼"hich this report 
is prepared. 
The theoretical expressions to be used for determination 
of the dielectric parameters by microwave methods will be derived 
in �he next chapter . Description of the measurements and calcu­
lations oh actual samples of the grains 1dll be covered in chapter 
three. 
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CHAPTER II 
THE MEASUREMENT OF DIELECTRIC PROPERTIES . . 
AT . MICROWAVE FREQUENCIES 
There are numerous methods for measuring the dielectric 
properties of materials at microwave frequencies . The quantities  
that are measured in these methods vary; some require determination 
of phase shift , others require determination of plitude change, 
and some depend upon frequency change required to maintain a stable 
reference phase. A comprehensive presentation of methods and 
criteria for
.
their use is given by R. M. Redheffer [4J. 
Although the measuring techniques in each method differ, 
they all depend upon the same principles : that the dielectric 
constant of a material dictates the degree of reflection of an 
electromagnetic  wave from its boundary, that the phase velocity of 
an electromagnetic wave traveling through a dielectric is governed 
by the dielect1ic constan of the medium, an that the decrease 
in amplitude of the wave in passing th1 ough the medium is determined 
by the loss fac\.,or of the medium. The field qua tity or quantities 
which can be measured nnd related to these basic principles depend 
upon, among other things, the available equipment, the amount of 
the dielectric o tainable, and the shape or configuration of the 
material . 
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Standing Waves Near a Dielectric Boundary 
Before going into the details of the method employed in this 
investigation, the derivation of expressions relating electromagnetic 
wave parameters to the dielectric proparties discussed earlier will 
be given. 1 To do this, a plane wave is assumed to be normally 
incident on a boundary between two dielectrics characterized by 
,A A 
complex dielectric constants E. rl and t r2 • Dielectric region 2 is 
considered to be infinite in dimensions to the right of the boundary 
so that only a single traveling wave exists in it. See Figure 2-1 . 
The incident plane wave - is assumed to be unifonn and linear, with 
its �field in the y direction, which can be mathematically 
identified as 
• j W t -y E1 = E e - ix 1 1 ' ( 2-1) 
where -Y 1 is the propagation constant in region 1 ,  and x is the 
distance along the direction of propagation in the cartesian 
coordinat e system. Similarly, the reflected wave due to the dis­
continuity of permittivities at the boundary has the form, 
( 2-2) 
The resultant standing wave in region 1 is 
lA major part of this developi�ent is due to A .  R. von Hippel 
in Dielectrics nd Waves . See bibliography reference  2. 
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( 2-3 )  
Ei The ratio - is defined as the voltage reflection coefficient at the 
E1 
boundary and is designated Pe It can be shown by simplification 
of Fresnel ' s  equation from optics for thi s  perpendi cular incidence 
case that the reflection coefficient is given by 
( 2-4 ) 
where Z1 and z2 are the intrinsic impedances of regions 1 and 2,  
respectively, which are given by 
and 
( 2-5 )  
As indicated in Figure 2-1 , the permeabilities o f  both regions can 
be considered to be the same as that for free space , because all 
dielectrics other than ferrites, certain garnets,  and magneto­
plumbites di play negligible magnetic activity . The permeability 
_ of free space , µ
0
, is 4n x 10-7 Henry/meter in the tfKS system.  
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In terms of . the reflection coefficient ( 2-3 ) becomes 
( 2-6) 
The standing wave of the magnetic  fields in region 1 corresponding 
to equation ( 2-6 ) is 
but 
H = Hi ( l + .p 2 -Y1x) lT 1 He ' 
so equation ( 2-7 ) can be revised to 
( 2-7) 
(2-8 ) 
(2-9 ) 
Equations ( 2-6) and ( 2-9 ) govern the f'orm of' the electric 
and magnetic f'ields in region 1. It is seen that the total field 
at a given point is composed of the incident. field multiplied b 
the operator in parenthesi s ,  whi ch determines the amplitude and p ase 
of the fi eld at any point alo�g the direction of propagation . At 
the boundary ( x = 0) , these fields reduce to 
( 2-10 )  
y 
x=()t--e:,--------------
X 
Figure 2-1 . Electri c  waves at bou_ndary between 
diele ctrics 
y 
region 1 region 3 / / // 
t rl '  µO 
� region 2 f r3 ' IJ.Q � 
£r2 ,  
r E� 
E1 
x=d 
Et 2 
Figure 2-2 . Electric waves at two boundaries 
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and 
( 2-l-l) 
The ratio of E1( o )  to  H1(o)  is defined as the wave impedance Z(O)  at 
the boundary and is  seen to be 
Z(O ) 
= El(O)  = E� ( 1  + P E) 
Hi(O )  Hi ( 1 - PE) 
. ( 2-12 )  
It is desired t o  convert ( 2-12) into terms involving the 
normally measured quantities of the standing wave in region 1 .  
These are voltage standing wave ratio (VSWR) , location o f  the first 
minimum from the boundary (xo) , and wave _ length ( ). 1) . To do this , 
the reflection coefficient p E must be converted to polar form , 
P -2a -j2 'Y E = e e , ( 2-13 ) 
where 2 ,Jr is the phase angle and e-2a is the amplitude of the 
coefficient , as determined by equation ( 2-4 ) . The expression 
for VSWR in terms of the voltage reflection .coefficient i s  
l + IPE I VSWR = 
-1 -_ __.,
---
PE-, , 
which becomes, by using ( 2-13 ) ,  
1 + -2a VSWR = e = coth a • 
-2a 
1 - e 
(2-14) 
(2-15 )  
Using (2-13) the expression for the wave impedance at the 
boundary is changed to 
-2(a + j "'/r) 
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(1  + ) 
= z1 
e = z1 coth(a + j --f-) .  ( 2-16) 
(l  _ e-2(a + j ir) ) 
Using the expansion of coth (a  + j yr) as given in equation _( 2-17), 
Z(O) can also be written as shown- in (2-18) . 
coth(a + j y) = tanh a - jcot f: 1 - jtanh a cot -yr 
Z (O) = Z tanh a - ,j cot ,Y- • 1 1 - jtanh a cot y 
Tanh a and -yr in the foregoing eA'J)ression may be replaced by 
measureable quantities from the standing wave pattern. The 
(2-17) 
(2-18) 
equivalent for the former has already been presented in equation 
( 2-15), and that for the latter can be shown to  be £2_] 
( 2-19 ) 
where � indicates the distance in region 1 of the first minimum. of 
the standing wave pattern from the boundary. Introducing these two 
relations causes (2-18) to be 
Z (O)  = z1 
1 TT 211:x-o -- - j cot (-2 - ,._1 
) VSWR 
1 2TT� 1 - j VSWR 
cot (� - Al 
) 
. 
1 
· 2nxo 
VSWR - j 
tan 
Al = Z  
1 2TTX 
1 0 1 - j VSWR 
tan /\-1 
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( 2-20 ) 
The wave impedance  at the _boundary can thus be detenni.ned by 
measurements on the standing. wave pattern in region 1 . However , no 
knowledge of the dielectric constants of' either medium is obtainable 
from ( 2-:-20) alone. What is needed is  a second expression for Z (O )  
in  tenns of  the parameters of  region 2 .  
Effect of a Second Boundary---the Conductor Simplification 
The dielectric of region 2 in Figure 2-1 was assumed to be  
infinite to  the right of  the boundary in order to simplify the 
derivation of equation ( 2-20 ) .  Actually, most samples of dielectrics 
to be used in practice will have finite d:unensions .  Possible 
reflections from a second boundary must therefore be introduced as 
shown in Figure 2-2 . The standing wave in region 2 can be derived 
in the same manner as before and results in the following electric 
and magnetic fields 
J. wt( - Y2(x-d) + p Y 2(x-d) ) E2T = E2e e - E2e 
( 2-22) 
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At the boundary betwe·en regions 1 and 2 ( x  = 0)  these become 
( 2-23 ) 
( 2-24) 
The ratio of ( 2-23 ) to ( 2-24) is again the wave impedance  at the 
boundary between regions 1 and 2, Z (O ) , and is given by 
Z(O ) ( 2-25 ) 
In _ genera th$ reflection coefficient p E2 at the second boundary 
(that is ; between regions 2 and 3 )  is found by evaluating 
Z3 - Z2 
PE2
=
Z + Z  3 2 
( 2-26 ) 
Two equations are now available for the wave impedance at the 
first boundary, ( 2-20) and ( 2-25 ) .  However, before equating these, 
further assumptions can be made in order to convert ( 2-25 ) to less 
cumbersome form. This is  accomplished by making region 3 a con­
ductor , for which the intrinsic :impedance Z3 = 0 because of its 
high conductivity. Thus , the reflection coefficient at the second 
boundary,  p E2, reduces to 
-Z2 
f = - = - l , E2 z2 
( 2-27 ) 
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so that ( 2-25 )  simplifies to 
( 2-28)  
Equations ( 2-20) and ( 2-28 ) may now be equated since they 
both represent the wave :impedance at the first boundary. Doing 
this  produces 
or 
_l_ - j :tan �Xo
l VS'viJR ,... z2 tanh Y2d = Z1 ---------
1 2t1XQ 1 - j -- tan --VSWR "Xl 
1 . t 2n:xa -- - J an --
z2 V
S\'ffi Al 
- tanh Y2d = Z1 1 2n-Xc) . 
1 - j VS"wR tan ?..i 
Z2 The factor Z can be replaced by a term involving only the 
( 2-29 )  
( 2-30 ) 
propagation constants Y 1 and -Y2 of the media . This t erm is 
derived by noting that 
( 2-31) 
where z
1 
and z2 are given in equation (2-5 )  which are reproduced 
here , 
z = 1 g t rl 0 , 
z - r;;-
2 -�  
( 2-32 )  
, , ' 
and Y1, Y2 are the· propagation constants for the two media as they 
occur in the wave functions which are solutions to Y.IAX.We-11 .' s 
equations , 
· -y l  = j wJµ,0 Er1 E o 
-Y2 = j wj µ,o � r2 <; o  
Using (2-31) in equation (2-30) 
1 
j tan 2TT\) tanh 'Y 2d l .  VSWR - ).. 1 · - -- ----------
Y2 yl · 1 2nJCo 1 - j VSWR tan �l 
( 2-33 ) 
( 2-34) 
( 2-3 5) 
Equation (2-3 5) is an expression relating the dielectri c 
parameters of region 2 to  the same parameters of region 1 along with 
m.easureable characteristics of the standing wave in region 1 .  To 
make the left-hand t erm more suitable for quantitative analysis 
both sides are divided by d (the thickness of medium 2 ) ,  making the 
left-hand side of the form tanh x.  The altered form of ( 2-3 5) then X 
is 
_l_ _ 2n-?Co 
Vsr_ •. � 
j tan 
A 1 tanh Y 2d = _
1 _ ___ v,tn_� ______ _ 
'Y 2d y 1 d 1 . 1 2TTXo • 
J VSWR tan � 
1 
( 2-36) 
Equation ( 2-36) is the desired result of the derivation, 
giving indirectly the complex dielectric constant of medium 2 from 
�easurements in medium 1 and the paramevers of mediwn 1 .  In 
30 . 
principle, then, this ·relation can provide the answers sought . . In 
practice,  however, it is found preferrable to reformulat e . and-
further reduce ( 2-36) .  
Conversion for Bounded Propagation 
The most com�on method of making measurements on standing 
waves is by using a probe in a transmission line in which the 
standing wave exists . Accurate, well-designed equipment is widely 
available for ma.king such measurements . The unbounded-spaoe con-
figuration would require in most cases fabrication of a special 
test j.ig . For tests on materials of granular nature, such as the 
· grains w�ich were of pr�nary interest in this research, the unbounded­
space set-up is  impractical. For these reasons, the tests on di­
electrics performed during this investigation rere done by the 
"short-circuited wave guide" method e Figure 2-3 depicts the 
arrangement of the dielectric material ,- the wave guide, and the 
shorting plate which comprise the sample and the sample holder . 
Converting ( 2-36) to conform to the wave guide enviroronent 
merely requires changing the applicable terms in this expression 
to indicate that they are peculiar to wave guide transmission. The 
terms affected are the propagation constants Y 1 and Y2 , and the 
wavelength A 1 • They are changed to reflect ·wave guide values by 
adding the subscript g to them, thus becoming Y 1g , -Y 2g , and )... lg' 
respectively . Nothing need be said as yet as  to the relation between 
the unbounded and bounded (guided) factors. ( In any case, only the 
relation between the · intrinsic factor Y 2 and the guided factor 
Y 2g is :important since the other factors can be determined ·from 
measurements. ) It is sufficient to express ( 2-36) in terms of 
these guide parameters, namely, [9J 
1 • 2TIXo - - J tan --
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tanh Y 2gd = 
y 2g
d 
1 VSWR "'- lg 
Y d l 2rrXQ 
( 2-37) 
lg 1 ._ j tan VSWR °Alg 
The procedure will be to determine Y2g from this expression, then 
convert it to the intrinsic . value from which the dielectric constant 
c� be obtained for region 2 . The details of this process will be 
covered in the ensuing presentation. At this point it is necessary 
to consider (2-37 ) further. 
One simplification of the expression is to designate region 
l as being lossless . Since the medium is air at atmospheric 
pressure, it has in fact negligible loss as discussed in Chapter I .  
This means that a wave traveling through air ( assuming it is _relatively 
dry air) suffers very little attenuation , so that Y1 = a1 + jSl '=" . g g g 
jSlg • Now, f,lg = Alg , so 
2rr 
y = J. lg � . lg 
Putting this in (2-37) gives 
tanh Y2gd 
-Y2g
d 
1 . 21"1� 
. � VSWR - J
tan � 
J 2nd • 1 2rrxa • l - J VSWR tan -­Alg 
( 2-38)  
( 2-39 )  
region l 
Eo , 1-1.0 
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rectangular 
wave guide 
metal plate 
\ 
Figure 2-3 .  Wave guide �ample holder cross-section 
pattern without 
sample 
flange of wave guide � 
slotted section 
pattern ,-,ith 
sample 
shorting 
plate 
Figure 2-4 . Schematic representation of standing waves with 
and without sample 
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Equation ( 2-39 )  is a modified form of ( 2-36)  to fit the particular 
conditions of the sample abutting a metal plate and within ·an · 
otherwise air-filled rectangular wave guide. 
Lossless Dielectric 
The dielectric sample will be considered lossless at this 
point because of simplicity in calculations. Equation ( 2-39 )  
involves the hyperbolic tangent of a complex argument. Such a 
function makes calculation of the. variable, Y 2g, rath er difficult ; 
a plot of the left-hand function �f ( 2-39) can be found, however, 
in references such as Dielectric Materials and Applications , reference 
9 of the bibliography. 
The justification for assuming the lossless case is the 
practical consideration that many dielectrics have very low loss 
· · factors so that _-Y 2g can be treated as a simple quantity instead 
of a complex one with very little introduction of error . Moreover , 
the simple expression can be exploited even for materials with 
appreciable loss if a correction is subsequently made, as will · be 
demonstrated in the follovtlng. 
The assumption that the dielectric in.region 2 is lossless is 
contained in the relation 
( 2-40) 
Also, not e that the VSWR becomes very large because Ekin approaches 
zero. This simplifies (2-39) to 
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· ( 2-41) 
The hyperbolic function can be converted to a circular function by 
noting that tanh jX = j tan X. Then ( 2-41) can be written as 
' A. 2nX---tan X = _ ___1-_g tan __ u , 
X 2nd "-lg 
where X = s2gct, or, alternatively:, 
tan X = )._ lg tan ( - 2n�) 
X 2nd Alg 
( 2-42) 
( 2-43) 
Equation ( 2-l,.3) still requires knowledge of the distance of the 
first minimum (
xa
) from the boundary of the dielectric . With 
commonly available slotted sections the first minimtm1 cannot be 
directly located . It is necessary therefore to derive an equivalent 
factor in terms of the location of nulls which are accessible on 
the ordinary wave guide slotted section. Figure 2-4 shows possible 
standing wave patterns with and without the dielectric sample, and 
related d:imensions . From this figure, Da = h( )..2
1g), where n is an 
- ).. lg) integer. Also , D8 - m( 2 
+ Xe + d, where m is an integer ., Note 
also that Da = D8 + h. Jt, so 
_, ,r I 
3 5  
Transposing gives · 
x - =  Alg ( n  - m) - A .9.  - d .  
0 . 2 
( 2-44) 
This is the substitute factor _sought for xa; when it is inserted 
into ( 2-43 ) ,  this eA"J)ression becomes 
tan X = ). lg tan C � ( A1g (n _ m) _ A � _  d)l 
X 2nd L A 1g . 2 J 
� G . -_ 2TT n- � = tan . + n (m-n) + �( A JL + d) 
2TTd · -"lg (
2-45 )  
The term TT(m � n )  in  the argument contributes nothing because 
tan( v ± ·fr) = tan v. Therefore ( 2-45 ) can be put into the form 
finally used in this investigation : /fc[J 
tan X = "-lg tan � ( Al +  d) . 
X 2nd Alg 
To stmUnarize what has been done, the basic expression , 
equation (2-36) , has been modified for use in the shorted wave 
guide test set and subsequently to facilitate computation by assuming 
a lossless region 2 ,  resulting in equation ( 2-46) .  It is now 
possible to determine X( s2 d) by simply measuring A .R. ( the shift in . g 
null toward the short when the dielectric sample is inserted) and 
A.lg {twice the distance between nulls) on a slotted section connected 
ahead of the test chamber . X is determined from tables of the 
function tan X or by trial and error . Unfortunately, there are an 
infinite number of values of X which will satisfy a particular 
numerical value of the right-hand side of ( 2-46) . Tl!e cqrr_ect 
' 
value can be estimated by knowing the approximate value of E. r2 
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( dielectric constant of region 2), but this is rather improbable. 
The only other way of isolating the desired value is to measure A i  
for two different sample lengths ,  evaluate expression ( 2-46) for 
' 
both, and calculate E r2 for a number of the possible values of 
X for both samples. The true dielectric constant should remain 
relati ely constant for the two trials whereas the incorrect values 
should vary significantly . Obviously, the amount of calculation 
required in . this process prohibits oing it by manual methods; a 
computer -program is required to reduce the time and work involved. 
The program will be discussed later .  
Relation of Dielectric Constant to Measured Quantities 
At thi s point the derivation of the relation between the 
dielectric constant and the factor e2 d must be undert <en. The . _g 
starting point toward this end is the expression for the propagation 
constant in the dielectric-filled wave guide , 
( 2-47) 
where -Y 2 and -Y2 
are as previously defined , m and n are the mode . g 
numbers , and a and b are the width an heighth of the wave guide, 
respectively. Many books contain the derivation of this useful· 
expression for rectangular wave guides [5-y. This equation provides 
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the relation need�d betwe·en the intrinsic propagation constant Y 2 
( from which the dielectric constant will later be derived ) _.and the 
bounded propagation constant Y 2g
. For the assumed lossless 
condition 
and ( 2-48 ) 
thus , in place of ( 2-47 ) , after squaring both sides,  
or 
(2-49 ) 
2 
It is seen from ( 2-49 ) that e2g goes to zero whenever �2 equals 
(�)2 + (q¥-)2 • This means that the wave doesn' t  propagate  for 
this condition (because the phase shift constant is zero ) , so it is 
called the cutoff condition of the particular mode designated by 
m and n. The associated cutoff wavelength A is detennined from 
C 
(2-50) 
2 Using this in ( 2-49) f32g 
becomes 
2 2 ( 2IT) 2 
f32g = 82 - "c 
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or, transposing , 
( 2-51 ) 
It remains to derive th.e connection between E.r2 and the 
phase shift constant S2 • This is accomplished by referring to the 
definition of equation ( 2-5) which is  repeated here, 
y 2 = j wJuo �r2 �o 
From this, for the assumption of a lossless dielectric , 
( 2-52) 
since u E 
r2 
is as sumed negligible .  Squaring both sides of ( 2-52)  
gives 
I 
from which the desired relation between Er2 and S2 is obtained : 
( 2- 54) 
Further simplification of this is possible considering that 
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making ( 2- 54) read 
. �f3 ). )2 , 2 0 
E. r2 = 2n ' ( 2-55)  
where A O denotes the wavelength in free space at the frequency of 
interest , and c is the velocity of light in free space .  
The expression for B2 from ( 2-51) may be substitut ed in 
( 2-55 ) ,  which makes it IJ-<jJ 
( 2-56) 
( �oc) 2 , The last term, 
A 
can be written in terms of the directly 
�easured wave guide wavelength ). lg by use of another well-known 
expression from the wave guide theory : 
( 2-57) 
This can be rewritten as 
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so 
(2-58 ) 
And ( 2-56 )  becomes , alternatively, 
E 
r2 
( 2-59 ) 
Finally , the first term on the right-hand side i s  multipli_ed in 
numerator and denominator by d so- that the factor s2 d = X from ' g 
equation (2-46) can be used directly for calculation. This makes 
( 2�59 )  take the form 
(2-60) 
Correction of Dielectric Constant due to Losses 
Equations ( 2-46) and (2-60) are the pair of expressions needed 
for calculating the dielectric · constant of a material by the short­
circuited wave guide method. It is recalled , however, that the 
equations were derived under the simplifying assumption that the 
loss factor of the material was zero . For materials with loss  
factors not approximating thi s criteria,  calculation by use  of 
( 2-46) and ( 2-60) results· in a value for the dielectric constant 
that is  only a first-order approximation . Although it_ is  not the 
aim in this investigat� on to obtai·n highly accurate results  hut 
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rather to acquire a reasonable estimate of the dielectric constant, 
it is desirable to make an adjustment to the first-order approxi­
mation whenever the correction is a significant fraction of the 
value computed from the two equations cited. It is the purpose 
in the concluding portion of this chapter to define what is 
significant. and to show how the correction is made. 
The correct.ion for the q.ielectric constant can be derived 
from the relation given in ( 2-5) ,  hich is, Y2 = a2 + j�4 = 
j wj uo fr2 f o • Now from equation ( 1-5) , �r2 = 6 �2 - j �;2 • 
Putting this into the foregoing and squaring both sides yields 
(2-61) 
by equation ( 1-14) .  Expanding this and equating real and imaginary 
parts gives . 
( 2-62) 
Solving the lower equation for a2 and inserting it into the upper 
equation results in the quadratic equation in S� ,  
( 2 t C ) 2  
W µ,O E O Er2 tan o 
= O , ( 2-63) 
for which the solution is 
2 t 
2 W µO E o  �r2 + 
B2 = 2 
( 2 c E 
1 
)2 ( 2 
r c 
)
2 w ·11.o � 0 r2 w µO G o  £r2 tan o + __ .....;;;...__,;;.._..;:;..;..;;;.__'---_ 
4 4 
4·2 
( 2-64) 
Taking the square root of ( 2-64) produces 
( 2-65 )  
In. order to  avoid a negative a2 ( corresponding to  negative attenu­
ation or power gain, an impossible condition),  the positive sign is 
selected on both radicals . Thus ( 2-65 ) is rewritten 
( 2-66) 
Applying the special binomial theorem to the inner radical and 
using only the first two terms gives the good approximation : 
( 1  + tan2 b )½ ,;;; 1 + tan! i; ( 2-67) 
t 4 b  ( The next term in the expansion would be - an8 , which is 
obviously insignificant if tan S <. <1. )  Using ( 2-67) simplifies  
( 2-66) to 
"2 = 
2 . . ' tv �LO E O E.r2 
2 
= J w 2\.Lo E o  E�2 
( 2  + tan� b 
( l  + tan
2 6 
4 
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),. ) 2  
)2 . (2-68) 
The special binomial expansion is again employed on the second 
radical , thus , 
making ( 2-68 ) read 
j .· ? , ( tan2 6 ) f3 2 = w 7-Lo E.o �2 1 + 8 
· 
tan2 6 ) . = �2( 1ossless ) (l + 8 
( 2-69 ) 
( 2-70) 
Equation ( 2  70) demonstrates that the phase-shift constant 
depends not only upon the real part of the complex dielectric 
constant but . also upon the imaginary part or loss factor E. ;2 
through the loss tangent . Thus the dielectric constant ( E�2 ) 
theoretically cannot be  determined by measurement of null shift. 
alone as was supposed in ( 2-46 ).  For greatest accuracy the general 
expression of ( 2-39 ) would have to be utilized .  However, as previ­
ously stated and as shown by ( 2-70) , when the material has low loss 
(tan 6 < 0 . 1 )  the theoretical f-32 and the S2 calculated from ( 2-46 ) 
and ( 2-51) , for the lossless case, will , for practical purposes � be 
equal . For ex.ample, for tan 'o = 0 . 1, S2 = P2( lossless ) ( l  + ' 0 .0?125) ,  
, ., . 
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a difference of only - 0.125 per cent . When this �2 is put in ( 2-55) 
to compute the corrected value of the dielectric con�tant J. € �2 j c , 
· I , I 
• 2 , the change is E 
2 
= E 
2
( 1  + 0 .00125) = E . ( 1 . 0025) , still . r c · r . r2 
much less than one per cent . Corrections to the dielectric constant 
of less than five percent will be deemed insignificant here . Tnis 
means that for loss tangents less than about 0. 45 no correction of 
the value obtained from ( 2-60) is necessary. For loss tangents 
between 0 . 45 and 0. 75 the correction can be made in one step as 
given by 
. 
2 6  
I E , f _ 
E ' ( 1 + tan ) 2 • · r2 c - r2 8 ( 2-71) 
For loss tangents above 0.75 higher order terms in the expansion 
must be used . 
Determination of Loss Tangent and Loss Factor 
It has been noted that the corrected dielectric constant is 
in general greater than the first-order approximation and depends 
on the magnitude of tan 6 • Nothing, as yet, has been said of how 
tan 6 is to be determined. An expression for CT2 can be derived 
from the two equations of ( 2-62) in the same. way that ( 2-70) was 
obtained . The result is 
( 2-72) 
so, 
tan 6 
2.cY.2 
= S2
. , ( 2-73 )  
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An independent measurement of attenuation caused by the material 
can be made and a2 determined from it. The measurement set.:..up and 
auxiliary equations for converting attenuation to tan S will be 
presented in the next chapter • . 
The imaginary part of the complex dielectric constant, or 
loss factor, can now be extracted by 
(2-74) 
Thus the desired plot of E ;2 and 
" 
E r2 with frequency can be made 
and the frequency range for maximum absorption can be found ( if it 
. · exists in the frequency range selected for measurement) . 
The frequency at wnich the loss factor peaks isn ' t necessarily 
the optimum frequency for microwave heating of a particular material. 
Consideration also must be given to penetration of the wave into the 
dielectric body-2. The depth of penetration is defined as the dis­
tance within the material at which the energy of the wave is 
reduced to 1/e of its value at the boundary of the material . The 
depth of penetration decreases as the frequency increases, �n 
general , and is given by 
'A.o Depth of penetration = -------
211 tan o � E-� 
• ( 2-75)  
2From a paper to be published by Professor H. D .  Gorakhpurwalla, 
College of Engineering , South Dakota State University . 
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The dimensions of the body to be heated are th erefore :important in 
determining the frequency for obtaining uniform treatment and 
satisfactory efficiency •. Greater penetration is a prime advantage 
of heating with microwaves over infrared h eating . ( The larger 
absorption at microwave frequencies for dipolar substances was 
mentioned in chapter one. ) 
In summary it should be noted that the important results 
obtained are contained in thre� equations : ( 2-46 ) ,  (2-60) , and 
( 2-71 ) .  These three expressions ..a.re the primary ones used during 
this research. 
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CHAPTER III 
EXPERIMENT AT ION AND RESUI./I1S 
Frequency Range _ and Properties of Water 
The preceding chapter presented the theory -supporting the 
experimental work to be discussed in the present chapter. All 
null-shift measurements were taken by the short-circuited wave guide 
technique already considered at some length. The method for ob­
taining loss tangent data will be_ described late1� in this chapter. 
The frequency range used was roughly the 11 X-band 1 1  of microwave 
frequencies, 8. 5 to 12 gHz. 
The choice of frequency range was influenced by two factors : 
1. Equipment designed for operation at X-band was available. 
2. Information indicated that the absorption ma.x:imum for mixtures 
of a dielectric com,aining water may occur in the X-band. 
The second factor needs to be further explained . Results 
of measurem�nts by others [5J on water put its absorption frequency 
(that is , its dipole relaxation frequency) at about 17 gHz. Further, 
it was determined that bound water (water absorbed in another 
material) had a lower absorption frequency than free water or pure 
water. How much lower depends upon how tightly bound and to what 
· kind of molecules. Thus, it is probable that an absorption maximum 
would be found for a mh'ture of grain and water (newly harvested 
grains often contain moisture in excess of 10%) at a frequency some­
where between 8. 5  and 17 gHz. 
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As has been alluded to previously, the materials of primary 
interest in this research are various grains such as - corn , :st>ybeans, 
wheat, and barley . To the knowledge of the writer, the dielectric 
characteristics at microwave trequencies of these common agricultural 
products have not previously been determined, although measurements 
at frequencies below 100 mHz have been reported /_f.y. 
The obvious consequence of choosing to make measurements on 
such materials is that the carefully-developed theory in chapter two 
is not exactly applicable . The m�terials are by nature unhomo­
geneous , having kernels of different sizes and shapes with e�pty 
spaces between. ·Thus the volume as well as the boundary of a 
sample of any grain would be inherently uneven and multi-directional 
reflection of an electromagnetic wave would be caused by the sample • 
. ; 
The grains could be ground and otherwise processed to give them a 
more homogeneous composition , but thi s  would defeat the purpose 
here---to obtain an estimate of the dielectric properties of the 
grains in their natural state . 
This investigation then is undertaken with the knowledge that 
the results are only reasonable approximations because of the 
deviation of the tested sample from the theoretically-ansumed 
homogeneous sample. The deviation from the ideal would be expected 
to be most pronounced for grains with large kernels such as corn 
and soybeans . The eAl)erience gained from this research , however, 
indicates tha� the deviation from ideal may not result · in as great 
an error in application of the theoretical expressions as might be 
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anticipated � In many cases, even with samples of corn, the change 
in null locations with several different samples wer..e very · small . 
This would not occur if _the spacing and juxtaposition of  the kernels 
wlth respect to each other and the wave guide surfaces were ex­
tremely critical factors. Apparently the grain occupies a great 
enough percentage volurne of the wave guide (compared to the volUlne 
of air) that the assumption of homogeneity is not far from true, 
and the results are fairly good approxi.mations, especially when 
results of several trials are ave!aged . 
Method for Obtaining Null-Shift Data 
The arrangement of the test equipment for obtaining the 
null-shift information to be used in equation ( 2-46 ) is shown in 
block-diagram form in Figure 3-1. The set-up is standard for making 
standing wave measurements , with the sample holder comprising the 
load . The sample holder is simply a section of 1vR-90 wave guide 
with a brass plate attached to one flange . In the test set-up it is 
oriented in the vertical plane to permit easy insertion of the 
grain sample . . 
Nulls or minima of the standing wave ·pattern were located 
in the normal manner, by moving the probe to a position where the 
standing wave indicator dipped and then reading the carriage scale. 
Additional accuracy �ms obtained by attaching a dial indicator with 
graduations of 0. 001 inch to the carriage. For some samples which 
produced low VSWR it was necessary to locate points on both sides 
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Hewlet�-Packwcrystal ard Detector 
Signal Gener­
ator 
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H
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H 
Slotted Sectio
� 
Attenu- and �obe E-plane 
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I 
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Hold�r 
Figure 3-1 .  Block diagram of test set-up for null-shift measurements V, 
·o 
� ' 
of the mini.mum corre·sponding to the same voltage level and then 
compute the median . 
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Measurements to acquire the data for the empty sample holder 
condition were done only once_ since the configuration was the srune 
throughout the investigation. Before each test on a grain sample 
the location of a null for one frequency was rechecked with the 
empty sample holder . Data recorded for the empty holder con­
figuration consisted of the locations of two adjacent minima of the 
standing wave pattern ; which pai� of minima selected was arbitrary. 
As seen from Figure 2-·4 and equation ( 2-46),  it is the shift in the 
null location ( tJ..P.. ) when the sa..'11ple is introduced that is a measure 
of the dielectric constant . The null recorded with the sample in 
the holder will be between the two recorded with the holder pty, 
and A .t will be calculated from the two sets of data. The wave 
guide wavelength A.lg is simply twice the distance between the 
empty nulls . The results of pty holder measurements and calcu­
lations are given in Table 3-1 and comprise a tabulation of 
reference data that was used throughout the remainder of the 
experimentation and calculation . 
Isolating the True Dielectric Constant 
As  pointed out in chapter two, the value of X satis.fying 
(2-46 ) is not unique . This corresponds to the fact that the 
measured null shift can be caused by any number of dielectric 
constants ; the shift observed may - actually be several wavelengths 
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Table 3-1. Empty sample holder null locations and wave guide 
wavelengths 
Null 1 Null 2 
).lg Frequency Location Location 
(gHz ) ( cm) . ( cm) ( cm) 
. 8 .  5 11.917 9. 119 5. 596 
9 . 0 12. 841 10.398 4.886 
9. 5 11.872 9. 678 4 .388 
10 . 0  11 . 408 9. 415 3 . 986 
10. 5 11.252 9 . 416 3.672 
11 .0 11 . 200 9 . 499 3. 402 
11. 5 11. 295 9. 704 3 . 182 
12.0 11 . 1+88 10 .000 2. 976 
5J 
plus Ai as would. be , produced by a very high dielectric constant, ' 
or just c11 as caused by a low dielectric constant • . _ ( Even : dielectric 
constants less than one will arise in the course of computation , but 
these are nnmediately rej ected as being impossible . )  This ambiguity 
or lack of knowledge of the true shift of the null is overcome by 
taking null-shift data for two sample lengths ru:td performing the 
calculations . The results when plotted for the frequency range given 
will appear typically as illustrated in Figure 3-2 .  From the figure 
it is evident which curves repres�nt the true dielectric constant 
variation with frequency. T'ne true value should not be affected 
by the length - of sample whereas the parasitic values should. Some 
variation between the two curves ( and any subsequent curves plotted 
from samples of the same grain) is to be expected because of several 
factors : the unhomogeneity already considered , inaccuracy in 
measuring sample lengths, and inaccuracy in measuring null locations . 
In general it is more diffi�ult to determine null locations for 
samples of greater length because of the higher loss and consequent 
lower VSWR. The nulls become quite shallow and broad, especially 
at the lower frequencies. From this standpoint it would be desirable 
to use shorter sample lengths overall, however, samples that are 
too short aggravate the effects of unhomogeneity. A suitable com­
promise has to be made . Sample lengths of five and three centimeters 
were used extensively in this investigation . 
The procedure then for taking data with the g:r"ain samples in 
.the holder was to perform two tests across the band of frequencies 
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Fi�re 3-2 . Typical results of tests and calculations for two samples of five and three 
centimeters in length V! -l=-
identified using . different sample lengths. From the results of 
these the approximate true dielectric constant ari�tio� with 
frequency was obtained . Repeat tests with the. shorter sample 
length were then conducted in order to arrive at a representative 
average. Five tests on each grain were nonnally adequate . 
It is noted that the repeat tests required less computer 
t:iJne because the true value of dielectric constant had been isolated 
by the first two tests, so that the parasitic values could be 
ignored. 
The computer program. used to perform the calculations 
�epresented by equations (2-46) and ( 2-70 )  is shown in Appendix: I. 
Essentially, the program m es the computer evaluate the right-hand 
side of (2-46 ) for the given input data ( L LQ. , frequency, l'--ig, and 
d ) ,  try all values of X from O to 20 in 0 . 01 steps (or less , as 
will be described later) ,  and calculate f.�2 by (2-70) for all X 
values that satisfy (2-46). Because of the great change in slope 
of the tan X function for values of X from O to ;, it was necessary 
to reduce the trial graduations of X for the steep-slope regions to 
less than 0. 01 to avoid missing values satisfying ( 2-46 ) . As seen 
from the program, the graduations are 0. 000625 for the region near 
TT 311 5 TT • 
d 1 X = 2, 2, 2
, and so forth .. Misse va ues of X were still 
encountered infrequently for large values of the right-hand side of 
( 2-46 ) . The program could have been further :unproved to eliminate 
this, but the frequency of the occurrence did not j ustify it. Hand 
� .,. . 
calculation · was €Jilpl-oyed . whenever _ the value missed was :important 
to the analysis of the materi al (not a parasitic value) � 
The upper limit on X (20 . 0) was selected because it was 
judged from measurements made at lower frequencies on similar grains 
by another investigator [f_y that no higher values of dielectric 
constant than that given by X = 20 would be encount ered. 
The results of the computer runs were plotted in the manner 
shown in Figure 3-2, using only the true values . The results for 
each particular grain are given �n Appendix II . From these plots 
a single representative curve for each grain was obtained by simply 
taking the average of the values at each frequency. This curve is 
E '  the first approximation characteristic of r2 for the grain in 
question. 
Next, it was necessary to · calculate the corrected dielectric 
constant, usi.ng ( 2-71), at each frequency where the correction was 
significant ( as defined in chapter two). 
Method for Obtaining Loss Tangent and Loss Factor 
The loss tangent of the grains was found by making an attenu­
ation measurement on srunples at the same range of frequencies /5.iJ. 
This was done by using a power meter connected to a wave guide switch 
as shown in the block diagram of Figure 3-3 . · The difference in the 
calibrated attenuator settings to maintain a constant reading on 
the power meter when the thermistor mount is moved from one position 
to the other is the attenuation of the sample. a2g is related �o 
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in Wave I I �1 ,;  n P  , I _ _. 
V, 
'-J 
. 
\ 
attenuation through ·a proportionality constant . Tan 6 may be 
calculated by using this and the wave guide phase-shift ·constant 
S2g in equation (2-73 ) • . Substituting (2-51) and ( 2-55 )  into that 
expression. produces 
tan 6 = ��_0:1:
(
-:::::11=-=
(
="0=1)2
=
1=-) . \� 7'c E �2 
( 3-1 ) 
This is the first appro.x:i.n1ation of the loss tangent . The · 1oss 
factor is then computed by 
(3-2) 
�1he results of applying the correction factor, when required, 
in accordance with equation (2-71) are presented in the curves of 
· Appendix III. On · the same graphs are shown the curves for the loss 
factors as found by equation ( 3-2) or ( 2-74) , as applicable .  These 
two curves for each grain sample represent the end product of the 
testing described in this chapter . 
A brief analysis of the results will be given in the con­
cluding chapter of this thesis. Validation ·or the null-shift method 
by tests on "Plexiglas",  for which the dielectric constant is known, 
was performed prior to the tests on grain and is given in Appendix V. 
,, , . 
, . 
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CHAPTER IV 
CONCLUSIONS 
The curves contained tn Appendices II and III comprise the 
results of the investigation . The dielectric constant curves of 
Appendix III were obtained by averaging points of the several curves 
of Appendix II . It was found that no correction due to losses was 
necessary except for the three highest frequency points of the 22 . 5% 
moisture corn; loss tangents at all other points for the grains 
tested were well below 0 . 4. The loss tangents were obtained by 
using attenuation data from reference 13 of the bibliography. 
�he loss factor characteristics of the higher moisture samples 
show a tendency toward an absorption peak near 8 gHz.  Since loss 
factor curves may be multi-peaked £3,_'ij in heterogeneous materials 
like grain, there might be another absorption peak above 12 gHz. 
For high-moisture content grain, therefore, further t ests at higher 
frequencies are indicated. The loss factors for drier samples are 
much lower in general than for the higher moisture sam.ples and vary 
less over the :frequency range . These samples 1;muld be less suitable 
for treatment with microwaves in this frequency range than the 
higher moisture variety. 
It is noted that the curves are anomalous at several points 
at the high-:frequency end o:r the band , being especially severe for 
samples of barley and soybeans . These grains display . lower di­
electric constants for the higher moisture content samples than · for 
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the lower moisture samples at the high end of the band . This 
condition is not expect ed on the basis of work done - by others on 
substances containing water , and also because of the physical 
consideration that the dielectric constant of water alone is very 
high .  A similar condition exists for the corn and wheat samples 
at the lowest frequency ( 8. 5  gHz ) but this is not as unexpected 
because of the measurernent difficulties encountered there. (Also , 
the signal generator used was very unstable at that frequency. ) 
An alternate method for c�lculating the dielectric constant 
was tried on the samples of soybeans and barley to see whether 
or not the null-shift method contributed to the -irregularity 
described . The method involves determination of the distance of 
the first null of the standing-wave pattern from the boundary of 
the grain samples and employs the basic expression of equation 
( 2-42 ) for finding X .  Appendix IV contains the details of how 
Xo is determined from the null locations recorded during the null­
shift tests .· The dielectric constant. curves obtained by using this 
technique are also included in Appendix IV. 
The results of these trials on soybeans and barley indicate 
an improvement in the curves at the high-frequency end. The 
irregularity virtually disappears in the case of barley and is 
reduced for soybeans. In addition the dielectric constant a cross 
the band is less for both moisture levels using this method . 
· 1t is believed that the results obtained by the first-null 
method are more nearly the true characteristics than those produced 
by the null-shift technique .  Apparently the null-shift method 
introduces greater error in calculation due to any asymmetry 
in the standing-wave pattern than does the first-null method . 
Both methods assume, however , that the nulls occur at equally­
spaced intervals in the wave guide. This may not be the case 
here because of the complex nature of the reflection and trans­
mission of the waves in the grain . Additional testing with 
different test set-ups are needed to obtain more infonnati?n. 
The results obtained by this investigation, however, do provide 
the overall dielectric behavior of the grains in the frequency 
range investigated. 
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APPENDIX I 
CQ'1PUTER PRCDRM.fS ( FORTRAN) 
. A-I-1 Dielectri c Constant Progrmn 
100 READ( 11., 10) FRE , WLG , SHIFT 
FREQ=FRE��l. OE9 
WRITE ( 12 , 13) FREQ. · 
DL=( 6. 2832*( 3 . 0  SHIF.P))/WLG 
TNXBYX=(WLG*( SIN( DL)/COS (DL )))/18.8495 
WL0=3 .OElO/FREQ 
ECOR=(WLO/WLG)�-�2 
XP=O . O  
DO 2 5  N==l , 2000 
· XP=XP + 0.01 
CXP=COS( XP )  
IF( CXP )  34 ,3 5 , 34 
3 5  GO TO 25 
34 TGXP=SIN(XP )/( CXP*XP )  
IF( TNXBYX) 60 , 66 , 70 
70 IF(TGXP) 25 , 66 , 66 
. 60 IF( 'ffiXP ) 66 , 66 , 25 
66 . DIFF='I'NXBYX-'IDXP 
DA=ABS(DIFF)  
IF{ DA-0 .001) 44 ,44 , 54 
44 EPSLN=( XP-��rr., )/18 . 8495)�r*2 + 1. 0-ECOR 
WRITE( l2 , 14) EPSLN, XP ,  TNXBYX, 'ffiXP 
54 XXP=XP+0.01 
38 CXXP=COS(Xi� )  
IF( CXXP)36 ,35 , 36 
36  'IDXXP=SIN(XXP)/( CXXP*XXP)  
DX='ffiXXP-'IGXP 
DXS=:ABS( DX) 
IF( DXS�0 . 002)25 , 25 ,37  
37 IF ( DXS-0 . 004)47 , 47 , 49 
49 IF ( DXS-0. 008) 5 5 , 55 , 51 
51 IF( DXS-0. 016) 56 , 56 , 52 
52 IF( DXS-0. 032)57 , 57 , 90 
90 IF( DXS-0 .064) 55 , 55 , 91 
91 IF( DXS-0 . 128) 56 , 56 , 92 
92 IF( DXS-0 .256)57 , 57 , 93 · 
93 IF( DXS-0. 512) 5 5 , 55 , 94 
94 IF( DXS-1.024) 56 , 56 , 80 
80 WRITE( 12 , 15 )  
GO TO 57 
47 NG=l 
G=0 . 005 
GO TO 101 
5 5  m=3 
G=0. 0025 
GO TO 101 
I .r • 
56 NG=? 
G==0 .00125 
GO TO 101 
57 KG=l5 
G=0 . 000625 
· Go TO 101 
101 XPP==XP 
DO 26 I=l ,NG 
XPP=XPP G 
CXPP=COS(XPP) 
IF( CXPP)39 , 26 , 39 
39 'IGXPP=SIN( XPP ) / ( CXPP-�-XPP) 
IF(TNXBYX)40 , 58 , 50 
40 1F( TGXPP) 58 , 58 , 26 
50 IF( TGXPP)26 , 58 , 58 
58 DIFFX=TNXBYX-'IDXPP 
DXSA=ABS( DIFF'X) 
IF( DXS-0.032 ) 102 , 102 , 8l 
81 IF( DXS-0 . 256 ) 103 , 103 , 104 
102 IF( DXSA-0 . 001 ) 59 , 59 , 26 
103 IF( DXSA-0 . 01 ) 59 , 59 , 26 
104 IF( DXSA-0 . 10) 59 , 59 , 26 
. 59 EPSLN=( XPP-�HlL0/18. 84 9 5 )  -�Hf2•H . 0-ECOR 
WRITE( 12 , 14)EPSLN,XPP ,TNXBYX, TGXPP 
26 CONTINUE 
25 CONTINUE 
IF( FREQ-0. 1240El1)106 , 105 , 105 
. 106 GO TO 100 
10 FORMAT (3Fl2 . 4) 
13 FORMAT ( lH ,  1El2 . 4) 
14 FORMAT ( 1H , 4El� . ? ) 
15  FOR.MAT ( lOX , ' DL ' , 60X) 
105 END 
Definition of terms : 
FREQ = frequency 
Wl.G = )...lg 
WLO = A__o 
SHIFT = A� ' 
EPSLN = E r2 
TNXBYX = tan X 
X 
A-I-2 Loss Factor Program 
1 READ (11-, 10) FRE, ATTEN, EPSLNl 
FR�=FRE*l .OE9 
WL0=3 . OElO/FREQ 
ECOR=(WL0/4 . 572)**2 
ALPHA=ATTEN/46 . 657 
TAND=WLO*ALPHA/(3 . 1416*SQRT(EPSLN1) ) 
TANDD=TAND/SQRT(l .0-ECOR/EPSLNl) 
EPSLN2=EPSLNl�ANDD 
WRITE(l2, 14)FR�, TANDD,EPSLN2 
IF(FR�-0 .1240Ell)20 , 21,21 
20 GO TO l 
10 FORMAT (3Fl2 .4)  
. 14 FORMAT ( 1H_,3El2 .4) 
21 END 
Defi"nitiori of tenns : 
ATTEN = attenuation ' 
EPSLNl = E.r2 
WLO = � 
EPSLN2 = E "  r2 
TANDD = tan 6 
� = frequency I 
t 
I 
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.APPENDIX II 
DIELECTRIC CONSTANT CURVES , 
MULTIPLE TESTS 
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Figure A-II-1 . Dielectric constant of South Dakota yellow corn , 22 . 5% moisture , 
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figure A-II-2 . Dielectric constant of South Dakota yellow corn, 14.39% moisture , 
5 tests 
°' '° 
' 
4 3 cm samples 
5 cm sample 
........ 
- M 
\V 3 
........, 
� s:: 
0 
0 
t) 
•rl 
(l) 
rl 2 
G) 
•rl 
l-i--------T----------T-------�-------
8 9 10 
Frequency {gHz) 
l' 
Figure A-II-3 . Dielectric constant of South Dakota soybeans , 15 . 88% moisture, 
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Figure A-II-4.  Dielectric constant of South Dakota soybeans , 10 .39% moisture , -5 tests 
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Figure A-II-5. Dielectric constant of South Dakota spring wheat , 17 .89% moisture,  
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Figure A-II-7. Dielectric constant of South Dakota Larker barley, 21 .34% moisture, 
5 tests 
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Figure A-II-8. Dielectric constant of South Dakota Larker barley, 9 . 62% moisture,  
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APPE1'J1)IX III 
AVERAGED DIELECTRIC CONSTANT AND 
LOSS FACTOR CURVES 
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Figure A-III-1. Average dielectric constant and loss factor of South Dakota yellow 
corn 
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Figure A-III-2. Average dielectric constant and loss factor of South Dakota soybeans 
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Figure A-III-3. Average dielectric. constant and loss factor of South Dakota Larker 
barley 
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APPENDIX IV 
FIRST-NULL TECHNIQUE AND RESULTS 
ON SOYBEANS AND BARLEY 
81 . 
82 
The First-Null Technique 
The location of the first null of the standing7wave pattern 
with respect to the boundary of the dielectric. can be det ermined 
approximately if the distance from the boundary of the sample to  
the null located on  the wave guide slotted section is known . Direct 
measurement is not possible on the test set-up used because of the 
elbow which forms part of the transmission line . The distance is  
determined, therefore , by finding a null on the slotted section 
with the sample holder empty a.nd_ deterruining the number of wave­
lengths at th e frequency used that can be present in the total 
distan�e from the shorting plate to the null . If the distance from 
shorti11.g plate to the wave guide slotted section flange is called 
W and the distance from the flange to the null measured is called 
N, the number of wavelengths P is given by 
(A-IV-1) 
Now, it is assumed that P is an integral number because a null must 
exist at the shorting plate ,  so by using a rough estimate of W ,  P can 
be determined . This number is then multiplied by A. lg and then N is 
subtracted from it to give W accurately . 
With W knovm the distance of the first null of the standing­
wave pattern from the dielectric sample, Xe) , ca.� be related to the 
slotted section null location N5 by noting from Figure 2-4 that 
W + M8 = XC) + d + Q A_i_g , ( A-IV-2) 
where Q is assumed integral . Thus, 
83 
(A-IV-3 ) 
Q is found by div.tding the k�own Alg into (W + N8 - d )  and dropping 
any decimals .  Therefore·, XO can be calculated from null locations 
obtained for the null-shift method, the known sample length d, and 
"-lg taken from Table 3-1 . This value then is put into equation 
(2-42) to get X for subsequent calculation of E. �2 in the same way 
as before . 
Application of the method to soybeans and barley data are 
shm•m as the · average cur es of Figure A-IV-1 and Figure A-IV-2 .  
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APPENDIX V 
VALIDATION OF THE NULL-SHIFT METHOD 
Tests on two samples of np1exiglas u 5 and 3 centimeters in 
length by the null-shift method produced the curvea �shown in 
87 
Figure A-V-1 . The true dielectric constant is . clearly near 2. 45 
and essentially constant acro_ss the frequency band. This value may 
be compared with normally accepted values of 2. 55 to 2. 60 .  Thus, 
the null-shift method produces a set of �urves as shown in Figure 
A-V-1 from which an approximate value of the dielectric constant 
can b� clearly discerned. This result validates the null-shift 
method used to determine the app�oxi.mate values of dielectric 
constant of feed grains in this investigation. 
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